Introduction
Damage to the spinal cord by injury or motor neuron diseases is devastating because lost neurons are not replaced in the adult mammalian spinal cord (Pinto and Götz, 2007; Bareyre, 2008) . Adult zebrafish have an impressively high regenerative capacity, including heart (Poss et al., 2002) , retina (Fausett and Goldman, 2006; Bernardos et al., 2007; Fimbel et al., 2007) , and functional spinal cord regeneration (Becker et al., 2004) . Hence, we asked whether they might be able to regenerate spinal motor neurons, because this might help to elucidate the signals relevant for adult CNS regeneration.
There is significant neurogenesis in specific neurogenic zones even in the unlesioned brain of adult zebrafish (Zupanc et al., 2005; Adolf et al., 2006; Chapouton et al., 2006; Grandel et al., 2006) . This is similar to mammals, which probably have fewer of these zones (Gould, 2007) . However, the unlesioned adult zebrafish spinal cord shows very little, if any, proliferation and neurogenesis (Zupanc et al., 2005; Park et al., 2007) . Therefore, a prerequisite for motor neuron regeneration would be plasticity of relatively quiescent spinal progenitor cells after injury.
These observations prompted us to investigate lesion-induced neuronal regeneration in the heavily myelinated spinal cord of the fully adult zebrafish (Ͼ4 months) after complete spinal transection. We focused on motor neurons because this cell type is often lost as a result of injury or neurodegenerative disease in mammals, and differentiation of motor neurons is highly conserved between mammals and zebrafish. For example, HB9 and islet-1/2 are transcription factors found in developing motor neurons of both mammals (Tsuchida et al., 1994; William et al., 2003) and zebrafish (Cheesman et al., 2004; Park et al., 2004) . We find that substantial numbers of new motor neurons are generated after a spinal lesion, some of which show evidence for terminal differentiation and integration into the spinal circuitry. Lineage tracing identifies olig2-positive (olig2 ϩ ) ependymoradial glial cells as likely progenitor cells for motor neurons in the lesioned adult spinal cord.
Materials and Methods
Animals. Fish are kept and bred in our laboratory fish facility according to standard methods (Westerfield, 1989) , and experiments have been approved by the British Home Office. We used wild-type (wik), HB9:green fluorescent protein (GFP) (Flanagan-Steet et al., 2005) , islet-1:GFP (Higashijima et al., 2000) , and olig2:GFP (Shin et al., 2003) transgenic fish. Consistency of transgene expression with that of the endogenous genes at the adult stage was verified by immunohistochemistry (HB9: data not shown; islet-1: supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) or in situ hybridization (olig2; data not shown) for the respective genes.
Spinal cord lesion. As described previously (Becker et al., 2004) , fish were anesthetized by immersion in 0.033% aminobenzoic acid ethylmethylester (MS222; Sigma) in PBS for 5 min. A longitudinal incision was made at the side of the fish, and the spinal cord was completely transected under visual control 4 mm caudal to the brainstem-spinal-cord junction.
Electron microscopy. Ultrathin sections (75-100 nm in thickness) were prepared and observed by electron microscopy as published previously (Becker et al., 2004) . Immunohistochemistry. We used rat anti-5-bromo-2-deoxyuridine (BrdU) (BU 1/75, 1:500, AbD Serotec), mouse anti-islet-1/2 (Tsuchida et al., 1994) (40.2D6, 1:1000; Developmental Studies Hybridoma Bank), mouse anti-HB9 (MNR2, 1:400; Developmental Studies Hybridoma Bank), mouse anti-proliferating cell nuclear antigen (PCNA) (PC10, 1:500; DakoCytomation), and goat anti-ChAT (AB144P, 1:250; Millipore Bioscience Research Reagents) antibodies. Secondary cyanine 3 (Cy3)-conjugated antibodies were purchased from Jackson ImmunoResearch. Immunohistochemistry on paraformaldehyde-fixed spinal cord sections (50 m thickness) has been described previously (Becker et al., 2004) . Antigen retrieval was performed by incubating the sections for 1 h in 2 M HCl for BrdU immunohistochemistry or by incubation in citrate buffer (10 mM sodium citrate in PBS, pH 6.0) at 85°C for 30 min for HB9, islet-1/2, and PCNA immunohistochemistry. Double labeling of cells was always determined in individual confocal sections.
Intraperitoneal BrdU application. Animals were anesthetized and intraperitoneally injected with BrdU (Sigma-Aldrich) solution (2.5 mg/ml) at a volume of 50 l at 0, 2, and 4 d after lesion unless indicated otherwise.
Retrograde axonal tracing. Motor neurons in the spinal cord were retrogradely traced by bilateral application of biocytin to the muscle periphery at the level of the spinal lesion, as described previously (Becker et al., 2005) , with the modification that biocytin was detected with Cy3-coupled streptavidin (Invitrogen) in spinal sections. This was followed by immunohistochemistry for BrdU (see above).
Cell counts and statistical analysis. Stereological counts were performed in confocal image stacks of three randomly selected vibratome sections from the region up to 750 m rostral to the lesion site and three sections from the region up to 750 m caudal to the lesion site. Cell numbers were then calculated for the entire 1.5 mm surrounding the lesion site. PCNA ϩ and BrdU ϩ nuclear profiles in the parenchyma and the ventricular zone (up to one cell diameter away from the ventricular surface) were counted in the same region of spinal cord. At least six sections were analyzed per animal by fluorescence microscopy, and values were expressed as profiles per section. 
Results

A spinal lesion induces widespread ventricular proliferation
To determine the spinal region in which new motor neurons might regenerate, we analyzed the overall organization of the regenerated spinal cord. At 6 weeks after lesion, when functional recovery is complete (Becker et al., 2004) , the lesion site itself had not restored normal spinal architecture and consisted mainly of unmyelinated and remyelinated regenerated axons (Fig.  1) . Immediately adjacent to this axonal bridge, spinal cross sections showed normal cytoarchitecture, with the exception that white matter tracts were filled with myelin debris of degenerating fibers (Becker and Becker, 2001 ). This indicated that this tissue existed before the lesion was made. Thus, no significant regeneration of whole spinal cord tissue occurred for up to at least 6 weeks after lesion.
To find newly generated cells in the spinal cord, we used immunohistochemical detection of repeatedly injected BrdU, which labels cells that have divided. This revealed that very few cells proliferated in the unlesioned spinal cord. At 2 weeks after lesion, the number of newly generated cells in the spinal tissue up to 3.6 mm rostral and caudal to the lesion site increased significantly, covering more than one-third of the length of the entire spinal cord. BrdU ϩ cells were found throughout spinal cross sections but appeared to be concentrated at the midline and in the ventricular zone around the central canal (Fig. 2 A) . Numbers were highest close to the lesion site (Fig. 2 B) .
To localize acutely proliferating cells in the spinal cord, we used immunohistochemistry with the PCNA antibody, which labels cells in early G 1 phase and S phase of the cell cycle. This revealed a significant increase in cell proliferation solely in the ventricular zone. Proliferation peaked at 2 weeks after lesion and returned to values that were similar to those of unlesioned animals by 6 weeks after lesion (Fig. 2C,D) .
Numbers of differentiating motor neurons increased dramatically in the lesioned spinal cord
We determined whether new motor neurons are generated in the core region of proliferation comprising 1.5 mm surrounding the lesion site. We examined the numbers of cells expressing GFP in transgenic lines, in which GFP expression labels motor neurons under the control of the promoters for HB9 (Flanagan-Steet et al., 2005) or islet-1 (Higashijima et al., 2000) . In unlesioned HB9: GFP animals, few large (diameter Ͼ12 m) motor neurons and very few smaller (diameter Ͻ12 m) GFP ϩ motor neurons (20 Ϯ 7.7 cells; n ϭ 4) were observed in the ventral horn. The number of small HB9:GFP ϩ cells was nonsignificantly increased at 1 week after lesion (207 Ϯ 84.5 cells; n ϭ 3; p ϭ 0.3) but was significantly increased at 2 weeks after lesion (870 Ϯ 106.8 cells; n ϭ 11; p ϭ 0.004) (Fig. 3A) . Similar observations were made in islet-1:GFP animals (Table 1 ) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Values for HB9:GFP ϩ small motor neurons were reduced again by 6 -8 weeks after lesion (251 Ϯ 78.7 cells; n ϭ 6). Although still elevated, these values were not significantly different from those in unlesioned animals ( p ϭ 0.2) ( Table 1) . Immunohistochemistry for HB9 (data not shown) and islet-1/2 (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) proteins confirmed the time course of motor neuron numbers and indicated that increases in motor neuron numbers were strongest in the vicinity of the lesion site . Thus, numbers of differentiating motor neurons significantly increased after a spinal lesion.
Double labeling of islet-1/2 antibodies in HB9:GFP and islet-1:GFP transgenic animals revealed that motor neurons were heterogeneous in marker expression (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). This suggests that, similar to development (Tsuchida et al., 1994; William et al., 2003) , islet-1/2 and HB9 expression diverged in spinal motor neurons depending on differentiation stage and/or subtype of motor neuron.
To directly show that new motor neurons were generated after a lesion, we injected animals with BrdU. In lesioned HB9:GFP animals, 200 Ϯ 46.2 cells (n ϭ 7; p ϭ 0.0076) and in islet-1:GFP animals, 184 Ϯ 49.3 cells (n ϭ 3; p ϭ 0.0104) were double labeled by the transgene and BrdU at 2 weeks after lesion (Fig. 3A) (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). Less than 8% of all BrdU ϩ cells were HB9:GFP ϩ (7.6 Ϯ 1.86%) or islet-1:GFP ϩ (6.3 Ϯ 1.75%), suggesting proliferation of additional neuronal and non-neuronal cell types. Thus, a spinal lesion induces generation of new motor neurons and possibly other cell types in adult zebrafish.
In contrast, in the unlesioned spinal cord, we observed no double-labeled motor neurons in islet-1:GFP animals (n ϭ 5) and only one cell so labeled in HB9:GFP animals (n ϭ 4). Even an extended BrdU injection protocol (injections at days 0, 2, 4, 6, and 8, analysis at day 14) did not yield any HB9:GFP ϩ /BrdU ϩ cells in unlesioned fish (n ϭ 5). Because the bioavailability of BrdU is ϳ4 h after injection (Zupanc and Horschke, 1995) , we cannot exclude a very low proliferation rate of motor neurons. However, we do not find evidence for substantial motor neuron generation in the unlesioned mature spinal cord.
New motor neurons are likely derived from olig2-expressing ependymo-radial glial cells
Olig2 is essential for motor neuron generation during development (Park et al., 2004) . In adult olig2:GFP transgenic fish, GFP is found in oligodendrocytes and in a ventrolateral subset of ependymo-radial glial cells (Fig. 3B) (Park et al., 2007) . After a lesion, these cells proliferated, as indicated by substantial double labeling with PCNA at 2 weeks after lesion (490 Ϯ 224.2 PCNA ϩ / olig2:GFP ϩ ependymo-radial glial cells and 217 Ϯ 103.8 nonventricular PCNA ϩ /olig2:GFP ϩ cells; n ϭ 2). Thus, olig2-expressing cells could give rise to motor neurons during regeneration.
To analyze the relationship between olig2-expressing potential stem cells and motor neurons more directly, we used immunohistochemistry for HB9 and islet-1/2 in olig2:GFP transgenic animals. The relative stability of GFP has been used as a lineage tracer in transgenic fish to determine the progeny of adult retinal (Bernardos et al., 2007) and tegmental progenitor cells. In unlesioned animals, no double labeling of GFP and HB9 (n ϭ 3) or GFP and islet-1/2 (n ϭ 4) was observed. At 2 weeks after lesion, single parenchymal olig2:GFP ϩ cells did not coexpress either HB9 or islet-1/2, which makes it unlikely that these cells gave rise to motor neurons. In contrast, a substantial subpopulation of olig2:GFP ϩ ependymo-radial glial cells were HB9 ϩ (204 Ϯ 32.2 cells; n ϭ 3) (Fig. 3B ) or islet-1/2 ϩ (34 Ϯ 8.9 cells; n ϭ 4; data not shown). Double labeling indicated that either there was an overlap in the expression of olig2 and HB9 or islet-1/2 during differentiation of motor neurons in the ventricular zone or recently differentiated HB9 ϩ and islet-1/2 ϩ motor neurons had retained the GFP. Differences in the numbers of olig2:GFP ϩ ependymoradial glial cells that coexpressed HB9 or islet-1/2 may be related to differences in differentiation stage or subtype of motor neuron produced (William et al., 2003) . To demonstrate that HB9 ϩ /olig2:GFP ϩ cells are newly generated, we used HB9, olig2:GFP, and BrdU triple labeling. Indeed, 74 Ϯ 22.7 HB9 ϩ /olig2:GFP ϩ / BrdU ϩ cells (n ϭ 3) were found exclusively in the zone continuous with olig2: GFP ϩ cells at the ventricle at 14 d after lesion (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). In the ventricular zone dorsal and ventral to the olig2:GFP ϩ region, expression of HB9 or islet-1/2 was rarely observed, suggesting that olig2:GFP ϩ ependymo-radial glial cells were the main source of new motor neurons (Fig.  3B) . Thus, olig2 expressing ependymoradial glial cells proliferate and switch to motor neuron production after a lesion.
To determine whether olig2:GFP ϩ ependymo-radial glial cells had stem cell characteristics, we determined whether they retained BrdU label and were thus slowly proliferating . Lesioned olig2:GFP animals were injected with a single pulse of BrdU at 14 d after lesion, and the number of olig2: GFP ϩ /BrdU ϩ cells in the ventricular zone was assessed at 4 h and 14 d after injection. Numbers were not significantly different at the two time points (4 h, 60 Ϯ 11.5 cells, n ϭ 5; 14 d, 53 Ϯ 13.3 cells, n ϭ 4; p ϭ 0.6), indicating that olig2:GFP ϩ cells did indeed retain label (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material). This suggests the possible presence of motor neuron stem cells among the population of olig2:GFP ϩ ependymo-radial glial cells. However, we cannot exclude that label-retaining olig2:GFP ϩ cells also give rise to other cell types.
Evidence for terminal differentiation of new motor neurons
Newly generated small motor neurons were not fully differentiated at 2 weeks after lesion. They were either attached to the ventricle with a single slender process or were located farther away from the ventricle with several processes, some of which exceeded 100 m in length, extending into the gray matter in HB9:GFP and in islet-1:GFP transgenic fish (Figs. 3A, 4) . However, even the cells with long processes showed very little apposition of somata and processes with SV2 ϩ contacts, an indicator of synaptic coverage (Fig. 4 B) . Moreover, small HB9:GFP ϩ neurons rarely expressed ChAT (2.7 Ϯ 0.90%; n ϭ 3), a marker of mature motor neurons (Arvidsson et al., 1997) , at 2 weeks after lesion (Fig. 4 A) .
In contrast to small HB9:GFP ϩ cells, large HB9:GFP ϩ cells were mostly ChAT ϩ in unlesioned animals (80.6 Ϯ 7.99%; n ϭ 3), indicating that these were fully differentiated motor neurons. At 1 (42 Ϯ 15.1 cells; n ϭ 3; p ϭ 0.0035) and 2 (40 Ϯ 7.3 cells; n ϭ 11; p Ͻ 0.0003) weeks after lesion, large-diameter HB9:GFP ϩ motor neurons were strongly reduced in number compared with unlesioned animals (133 Ϯ 34.9 cells; n ϭ 4). This suggests lesion-induced loss of motor neurons, which was confirmed by terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling of 22.8 Ϯ 11.39% of the HB9:GFP ϩ motor neurons at 3 d after lesion (n ϭ 3) (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material).
At 6 -8 weeks after lesion, there was an increase in the number of large-diameter HB9:GFP ϩ cells to 91 Ϯ 11.5 cells (n ϭ 6), such that cell numbers were not different from those in unlesioned animals ( p ϭ 0.081). Large-diameter islet-1:GFP ϩ and ChAT ϩ cells showed similar dynamics (Table 1 ). This suggests that some newly generated motor neurons matured and replaced lost motor neurons. Other newly generated cells might have died, as indicated by increased association with macrophages/microglial cells between 2 and 6 weeks after lesion (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material).
To directly demonstrate the presence of newly generated, terminally differentiated motor neurons, we used triple labeling of BrdU, ChAT, and SV2 at 6 weeks after lesion. In the 1500 m surrounding the lesion site, we found 29 Ϯ 23.1 large BrdU ϩ / ChAT ϩ cells (n ϭ 3) covered with SV2 ϩ contacts at a density that was comparable with that of motor neurons in unlesioned animals (Fig. 4C) . Application of the axonal tracer biocytin to the muscle periphery labeled one BrdU ϩ cell in a motor neuron position in the ventromedial spinal cord near the lesion site (n ϭ 8; 6 -14 weeks after lesion) (Fig. 4 D) . This suggests that some newly generated motor neurons were integrated into the spinal circuitry and grew an axon out of the spinal cord.
Discussion
We show here for the first time that a spinal lesion triggers generation of motor neurons in the spinal cord of adult zebrafish. Lesion-induced proliferation and motor neuron marker expression in olig2 ϩ ependymo-radial glial cells makes these the likely motor neuron progenitor cells. Some of the newly generated motor neurons show markers for terminal differentiation and network integration.
Newly generated motor neurons are added to preexisting spinal tissue adjacent to a spinal lesion site in which normal cytoarchitecture is not restored. Thus, this model differs significantly from tail regeneration paradigms in amphibians in which the entire spinal cord tissue is completely reconstructed from an advancing blastema (Echeverri and Tanaka, 2002) .
Our results suggest olig2 ϩ ependymo-radial glial cells to be the progenitor cells for spinal motor neurons, because a lesion induces their proliferation and lineage tracing indicated that a substantial number of newly generated olig2:GFP ϩ ependymoradial glial cells coexpressed the motor neuron markers HB9 or islet-1/2. Moreover, parenchymal olig2:GFP ϩ cells were never, and ependymo-radial glial cells outside the olig2:GFP ϩ zone were rarely, labeled by HB9 or islet-1/2 antibodies. This supports the hypothesis that olig2:GFP ϩ ependymo-radial glial cells are the main source of motor neurons after a lesion. However, we cannot exclude the possibility that some motor neurons might have regenerated from as yet unidentified olig2-negative (olig2 Ϫ ) parenchymal progenitors.
During postembryonic development, olig2:GFP ϩ cells only give rise to oligodendrocytes (Park et al., 2007) . Thus, adult neuronal regeneration is not just a continuation of a late developmental process but an indication of significant plasticity of adult spinal progenitor cells in the fully mature spinal cord.
Additionally, olig2 ϩ ependymo-radial glial cells have characteristics of neural stem cells. They are label retaining, and lesioninduced proliferation of these cells leads only to a moderate increase in their number, suggesting asymmetric cell divisions and some potential for self-renewal. Moreover, these cells express brain lipid binding protein, which is also expressed in mammalian radial glial stem cells, and the PAR (partitioning-defective) complex protein atypical PKC, an indicator of asymmetric cell division, at postembryonic stages (Park et al., 2007) . A stem cell role for olig2 ϩ ependymo-radial glial cells would be in agreement with that of other radial glia cell types in developing mammals and in adult zebrafish (Pinto and Götz, 2007) . For example, Mül-ler cells, the radial glia cell type in the adult retina, can produce different cell types in adult zebrafish depending on which cells are lost after specific lesions (Fausett and Goldman, 2006; Bernardos et al., 2007; Fimbel et al., 2007) .
We observed that numbers of differentiated motor neurons, i.e., large HB9:GFP ϩ cells and ChAT ϩ cells, were reduced at 2 weeks after lesion and recovered at 6 -8 weeks after lesion. This suggests that motor neurons regenerate and is in agreement with previous observations in the guppy (Poecilia reticulata), in which large "ganglion cells" disappeared and reappeared after a lesion (Kirsche, 1950) . In accordance with this finding, we detected terminally differentiated (ChAT ϩ ), newly generated (BrdU ϩ ) motor neurons that were covered by SV2 ϩ contacts at 6 -8 weeks after lesion, suggesting their integration into the spinal network. The rare observation of one BrdU ϩ cell that was traced from the muscle periphery indicates that newly generated motor neurons may even be capable of growing their axons out of the spinal cord toward muscle targets. In contrast, at early time points, a transient population of small, newly generated motor neurons (HB9: GFP ϩ , islet-1:GFP ϩ ) that were not fully differentiated (ChAT Ϫ ) and not decorated by SV2
ϩ contacts were present in large numbers. These cells varied in motor neuron marker expression and the extent of process elaboration. Together, these observations suggest that motor neurons are generated and undergo successive morphological and gene expression differentiation steps toward integration into an existing spinal network after a lesion. A spinal lesion in mammals leads to proliferation and expression of nestin (Shibuya et al., 2002) as well as Pax6 (Yamamoto et al., 2001) , which are markers for progenitor cells, around the ventricle. In addition, parenchymal astrocytes, some of which carry radial processes, express nestin. However, olig2 and several other factors are not re-expressed (Ohori et al., 2006) . These observations suggest that spinal progenitors in adult mammals show some plasticity after a lesion and could potentially be induced to produce new motor neurons.
We conclude that the zebrafish, a powerful genetically tractable model, provides an opportunity to identify the evolutionarily conserved signals that trigger massive stem cell-derived regeneration and network integration of motor neurons in the adult spinal cord. 
